To determine whether the overload associated with myocardial infarction and ventricular failure in rats is coupled with activation of DNA synthesis in the remaining left and right ventricular myocytes, flow cytometric analysis was performed on myocyte nuclei prepared from both ventricles 7 and 30 days after coronary occlusion. In addition, oral captopril was administered in separate groups of control and experimental rats to establish whether a relation existed between attenuation of ventricular loading and magnitude of DNA synthesis in myocytes. Results demonstrated that left ventricular failure and right ventricular dysfunction at 7 days after infarction were biventricularly associated with marked increases in the number of myocyte nuclei in the G2M phase of the cell cycle. In contrast, the fraction of nuclei in the Go+G, phase decreased. In compaiison with the earlier time point, the 30-day interval was characterized by a significant magnitude of cardiac hypertrophy, a moderate amelioration of ventricular pump fumction, and a decrease in the percentage of myocyte nuclei in the G2M phase in both ventricles. However, 30 days after infarction, the number of right ventricular myocyte nuclei in the S and G2M phases remained elevated with respect to control animals. Captopril therapy reduced the extent of ventricular loading and the population of myocyte nuclei in the cell cycle at 7 days. 
P hysiological myocardial growth is primarily the result of an increase in volume of the individual contractile cells.' Although cardiac myocytes in the rat heart retain some capacity for proliferation up to the age of weaning, significant hyperplasia may cease earlier. 2 Thus, myocardial hypertrophy in the rat has been postulated to be accomplished exclusively by the enlargement of preexisting myocytes.' Moreover, it has become a general belief that myocyte cellular hyperplasia cannot be induced in the mature heart even under extreme conditions of ventricular loading. However, experimental evidence suggests that adult atrial3 and ventricular4-6 myocytes may undergo DNA synthesis and nuclear hyperplasia in vivo. In addition, in vitro studies demonstrate that DNA synthesis can be evoked in these cells by various growth factors and tissue-type plasminogen activator,7 strengthening the concept that cellular proliferation may be induced in vivo. In this regard, adult ventricular cells express mRNA for proliferating cell nuclear antigen, which is associated with actively dividing cells.8 Recent work has documented that a prolonged and sustained increase in work load on the myocardium produced by mechanical4 '9 or renal5 hypertension results in myocyte nuclear and cellular hyperplasia. This response appears to characterize the phase of initial ventricular decompensation9 and overt failure.5'0 Moreover, myocyte cellular hyperplasia has been demonstrated in the senescent heart in combination with markedly depressed ventricular pump performance6 and elevated transmural myocardial stress." Therefore, the extent of overload may play a primary role in the initiation of DNA synthesis and in triggering progression through the cell cycle in myocytes. This hypothesis was tested here by establishing whether the impairment in cardiac pump function produced by myocardial infarction was accompanied by stimulation of the replicatory apparatus of the remaining viable cells 1 week after coronary artery occlusion. A second time period, 30 days, was also investigated to determine whether the reduction in ventricular loading coupled with maximal myocyte hypertrophy'2 was associated with attenuation of DNA synthesis.
Finally, the angiotensin converting enzyme (ACE) inhibitor captopril was administered in vivo to demonstrate whether unloading of the stressed myocardium was linked with a decrease in the number of myocytes entering the cell cycle at 7 and 30 days after infarction.
Materials and Methods
Myocardial Infarction
Ligation of the left main coronary artery near its origin was performed in 70 male Sprague-Dawley rats at 2 months of age to produce infarcts associated with left ventricular failure.12 Under ether anesthesia, the thorax was opened, the heart was exteriorized, and the left main coronary artery was ligated. The The cell isolation procedure consisted of three main steps:
1) Low calcium perfusion. Blood washout and collagenase (selected Worthington type II) perfusion of the heart was carried out at 32°C with HEPES-MEM gassed with 85% 02-15% N2.
2) Mechanical tissue dissociation. After removing the heart from the cannula, the left ventricle inclusive of the interventricular septum and the right ventricular free wall were separated and minced. It should be emphasized that the infarcted region, normally perfused by the occluded coronary artery, was perfused by collagenase only marginally at the region bordering the infarct. Thus, the infarcted myocardium was dissected free and not included in the preparation of isolated myocytes. Collagenase perfused tissue was subsequently shaken in resuspension medium containing creatine, collagenase, and 1.2 mM calcium chloride. Supernatant cell suspensions were washed and placed in resuspension medium.
3) Separation of intact cells. Intact cardiac cells were enriched by centrifugation through Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden). Approximately 106 cells were suspended in 10 ml isotonic Percoll (final concentrations, 41% in resuspension medium) and centrifuged for 15 minutes at 34g. Intact myocytes were recovered from the pellet, washed, and used for nuclei isolation (see below). The average yield of myocytes in infarcted hearts was approximately 5.4 x 106 cells from the left ventricle and 1.6x 106 cells from the right ventricle. Corresponding values in sham-operated control rats were 1OX106 cells and 1.8x 106 cells, respectively. Rectangular Trypan blue-excluding cells constituted nearly 90% of the myocyte population. The extent of nonmyocyte cells present in each ventricular preparation was determined by examining smears of isolated cells before isolating myocyte nuclei.15 This was assessed by counting 500 cells in each ventricular preparation and calculating the respective fractions of myocytes and nonmyocytes. In agreement with previous results,15 measurements of nonmyocyte cells in these preparations were found to be very low, ranging from 1% to 3%. The maximum value of 3% was obtained in samples from infarcted left ventricles at 7 days. Therefore, these modest levels of contamination minimally influenced the accumulated results.
Nuclei Isolation
Isolated myocytes were treated with hypotonic buffer (0.01 M HEPES and 1.5 mM MgCl2, pH 7.4) for 5 minutes and then lysis buffer (3% glacial acetic acid and 5% ethylhexadecyldimethylammonium bromide in water) was added, and tubes were shaken every 2 minutes for 10 minutes.16 By this procedure, myocyte nuclei were fully dissociated from the myocyte cytoplasm.
Flow Cytometric Analysis
The suspension of isolated nuclei from each ventricle was filtered through a 53-,uM nylon filter, and nuclei 
Results

Global Cardiac Performance
The gross characteristics of the heart at 7 and 30 days after infarction in the presence and absence of captopril are listed in Tables 1 and 2 . Acute myocardial infarction 7 days after ligation of the left coronary artery near its origin displayed no changes in heart weight or in the heart weight/body weight ratio (Table 1) . However, increases of 36% in cardiac weight and 55% in the heart weight/body weight ratio were measured 1 month after coronary artery occlusion (Table 2) . Captopril treatment did not affect these gross parameters at 7 days after infarction but, at the later time interval, produced reductions of 29% in heart weight and 25% in the heart weight/body weight ratio in experimental animals. Values in control animals were not different with the administration of the ACE inhibitor. It should be recognized that left and right ventricular weight changes could not be determined under these conditions, since coronary perfusion by collagenase had to be used for the isolation of ventricular myocytes.
Systolic, diastolic, and mean arterial blood pressures at 7 days were decreased in infarcted animals, and captopril lowered these parameters even further (Table  1) . Thirty days after coronary ligation, diastolic and (Table 2 ). In contrast, left ventricular end-diastolic pressure increased in all coronary-occluded groups at the two time intervals examined, whereas left ventricular peak systolic pressure and peak rates of pressure rise (+dP/dt) and decay (-dP/dt) decreased (Table 3 ). The administration of the ACE inhibitor captopril was capable of reducing the elevation in left ventricular end-diastolic pressure at both time intervals after infarction. A similar phenomenon was observed in control animals. It should be noted that, although left ventricular dynamics was depressed at 7 and 30 days after coronary ligation, the alterations at the later time interval appeared to be less pronounced than at the earlier point. Table 4 illustrates the changes in right ventricular dynamics at 7 and 30 days after infarction in the presence and absence of captopril. At the first time interval, untreated infarcted rats showed an increase in right ventricular end-diastolic pressure and a reduction in positive and negative dP/dt. With respect to captopril-treated control rats, ACE inhibition after infarction maintained the values of right ventricular end-diastolic pressure and positive and negative dP/dt within normal limits. One month after surgery, untreated infarcted hearts showed elevations in right end-diastolic and ventricular peak systolic pressures but no statistically significant changes in positive and negative dP/dt.
In summary, cardiac hypertrophy developed after myocardial infarction in association with left ventricular failure and right ventricular dysfunction. Captopril attenuated the impairment in left side function, ameliorating right ventricular dynamics. Regardless of whether animals were treated or not treated with captopril, cardiac performance was more depressed shortly after coronary occlusion than at the completion of healing. Myocardial Infarction and DNA Synthesis Tables 1 and 2 ). Figure 3 shows the effects of myocardial infarction and left ventricular failure on the amount of DNA present in nuclei isolated from the remaining viable myocytes 7 and 30 days after coronary artery occlusion. One week after infarction, the percentage of myocyte nuclei in the GO+G, phase of the cell cycle decreased by 7% ( Figure 3A) , whereas the fraction of nuclei in the G2M phase increased 163% ( Figure 3C ). An augmentation in nuclei in the S phase was also seen, but this change was not statistically significant ( Figure 3B Figure 3D ). In contrast, at 30 days after coronary artery occlusion, the fraction of nuclei in the Go+GQ, S, and G2M phases returned to control values. Thus, with respect to the 7-day time period, statistically significant decreases in these quantities occurred at 30 days (Figure 3 ). An identical analysis performed on myocyte nuclei isolated from the right ventricle demonstrated that the fraction of nuclei in the Go+GI phase decreased 5% in this side of the heart at 7 days after infarction ( Figure  4A ). On the other hand, the percentage of nuclei in the G2M phase increased 139% at this time ( Figure 4C) , with little variation in the portion of myocyte nuclei in the S phase ( Figure 4B ). Moreover, myocyte nuclei in the S+G2M phase was found to be elevated by 121% in experimental animals ( Figure 4D ). At 30 days after infarction, the fraction of nuclei in the S phase was found to be greater than that seen in control animals (152%) and 1 week after coronary artery occlusion (101%) ( Figure 4B by a 37% decrease in the percent of nuclei in the G2M phase ( Figure 4C ). However, this value was still 50% higher than that in sham-operated control rats.
In summary, the fraction of myocyte nuclei progressing through the S and G2M phases increased in the left and right ventricles 7 days after infarction but decreased at in the left ventricle at 7 days, but these changes were not statistically significant ( Figure 5 ). A similar pattern was observed at 30 days, although the percentage of nuclei in the S phase was 224% and 153% higher than that measured in control rats and in rats at 7 days after infarction, respectively. Captopril administration had an impact on the right ventricle comparable to that described in the left ventricle ( Figure 6 ). The fraction of myocyte nuclei in the G2M phase became elevated 7 * S... days after coronary artery occlusion but decreased at 30 days, concomitant with an augmentation in the percentage of nuclei in the S phase. When the effects of myocardial infarction, in the presence and absence of captopril, were compared, the differences listed in Table 5 were found. At 7 days, captopril reduced the fraction of nuclei in the G2M phase in the left ventricle by 42%. ACE cycle. This phenomenon was manifested by the increased percent of myocyte nuclei in the S and G2M phases of the cell cycle detected by flow cytometric analysis. The proliferative response of myocytes from infarcted hearts was reduced at 30 days, in combination with an improvement of cardiac pump function and a significant degree of myocardial hypertrophy. The unloading effects of ACE inhibition were coupled with a reduction in the percentage of myocyte nuclei biventricularly engaged in DNA synthesis. Thus, a relation appears to exist between the magnitude of ventricular loading and activation of the DNA synthetic machinery of adult ventricular myocytes after infarction.
Myocardial Infarction and DNA Synthesis in Myocyte Nuclei
The current study suggests that adult fully differentiated ventricular myocytes retain their ability to synthesize DNA when challenged by an abnormal elevation in wall stress produced by myocardial infarction. This contention is supported by the observation that the percentage of nuclei in the S+G2M phases of the cell cycle markedly increased at 7 days and subsequently decreased at 30 days. A reduction of this nature may be accounted for by myocyte mitotic division from 7 to 30 days, with a consequent decrease in the absolute number of cells in the S +G2M phase at the later time interval. However, myocytes entering the cell cycle early after the imposition of the overload may have died with the progression of healing, producing a similar effect. This phenomenon is unlikely, since quantitative morphological studies have indicated that cell loss does not appear to occur in the surviving left and right ventricular myocardium after infarction.12.20,2'
Observations in this investigation are consistent with recent results documenting that, in the presence of infarction and left ventricular failure, atrial myocytes exhibit DNA synthesis and nuclear mitotic division.3 In addition, thymidine labeling has been detected in ventricular cells adjacent to the healing myocardium. 22 Similarly, conditions of overload in the adult heart after banding of the pulmonary artery,4 9 renal hypertension,5 myocardial aging,6,15 and nutritional anemia23 have been found to be characterized by myocyte nuclear and cellular hyperplasia through mitotic division of preexisting contractile cells. 15 Identical findings have been claimed in the hypertrophied human heart.24-26 Importantly, proliferating cell nuclear antigen mRNA has been seen to be expressed not only in fetal and young myocytes but also in adult differentiated cells.8 Thus, myocytes express a gene essential for DNA replication and nuclear mitotic division at all stages of postnatal life. On this basis, the possibility may be advanced that cardiac myocytes may retain their capacity to proliferate throughout life, and this growth reserve mechanism may become operative in response to severe myocardial dysfunction and overt failure.
It should be recognized that the fraction of myocyte nuclei found in the G2M phase cannot be equated with the magnitude of myocyte nuclei completing the cell cycle 7 days after infarction. The time required for a myocyte to divide is unknown, and the percentage of cells actually completing mitotic division remains to be established. In both ventricles, early after infarction, the fraction of nuclei in the S phase was not significantly increased, implying a short S phase and/or that only a few cells were experiencing DNA synthesis. Moreover, the possibility of a prolonged G2M phase cannot be disregarded. Were these phenomena to occur, the absolute number of myocyte nuclei completing the cell cycle at a given time could be a very small portion of that found in the G2M phase. This conclusion is supported by quantitative results that have indicated that myocyte cellular hypertrophy seems to be the primary mechanism of myocyte growth after infarction.12,20 On the other hand, the simultaneous presence of myocyte loss with coronary occlusion complicates estimations of the actual amount of newly formed cells in the myocardium by any methodological procedure currently available. Myocyte loss leads to an underestimation of myocyte cellular hyperplasia in the tissue, whereas myocyte hyperplasia leads to an underestimation of the extent of myocyte death in the myocardium.6 Such an effect has been shown to be operative in various pathological states of the heart in animal models27 and humans.2428 However, regional sampling in morphometric studies, assessing cellular responses at the equatorial plane of the infarcted ventricle, may have provided information limited to this region.29 DNA synthesis in myocytes might have been present in the inferior two thirds of the heart, toward the apex, where the greater increase in wall stress has recently been documented after the development of large infarcts and ventricular failure at 7 days. 30 In summary, these multiple results tend to suggest that DNA synthesis in myocyte nuclei and myocyte cellular hypertrophy may contribute significantly to the recovery of tissue mass and function immediately after infarction. Later in the evolution of the process, the expansion in cardiac mass may reduce the loading condition of the myocardium, attenuating the DNA synthetic reaction of the surviving cells. Our flow cytometric data at 30 days, in combination with previous measurements of myocyte size in this animal model,'1220,28 support this conclusion. On the other hand, the long-term effects of myocardial infarction on ventricular remodeling and cardiac hemodynamics31,32 may stimulate additional DNA synthesis and further cellular hypertrophy before end-stage failure supervenes.
Captopril Treatment, Myocardial Infarction, and DNA Synthesis in Myocyte Nuclei This investigation indicates that oral administration of an ACE inhibitor biventricularly reduced the number of myocyte nuclei found in the G2M phase of the cell cycle 7 days after infarction. At 1 month, this difference was no longer present. On the other hand, in captopriltreated infarcted rats at 30 days, the percentage of nuclei in the S phase was greater than that in the corresponding untreated experimental rats and control rats. These observations point to the possibility that drug therapy was capable of reducing DNA synthesis in surviving myocytes by affecting the magnitude of the overload on these cells. Alternatively, captopril may have exerted a direct action on this nuclear response in spite of the changes in the hemodynamic state of the heart produced by this compound. 13 This latter effect appears unlikely, since a close relation has been found between the unloading impact of captopril and the magnitude of cardiac hypertrophy accompanying arterial hypertension33 and myocardial infarction.13'34 However, subpressor doses of ACE inhibitors have been shown to prevent the development of hypertrophy after renal35 and mechanical36 hypertension, suggesting that induced myocardial growth may not be solely load dependent. Opposite results have recently been described after banding of the aortic arch in rats. 37 Whether this difference is related to the nature of the hypertrophic stimulus or whether the magnitude of the load varies according to the location of the constriction remains to be determined. Importantly, the incomplete normalization of ventricular loading at 30 days after myocardial infarction in the present study was associated with a biventricular increase in the percentage of nuclei in the S phase, supporting the contention of load-modulated DNA synthesis in stressed myocytes. interval, providing no data on the dynamic condition of the myocardium at the time of study. Moreover, the area sampled in these investigations is commonly restricted to the middle region of the heart, leaving unanswered the question of whether similar cellular phenomena take place in the entire ventricle. Finally, the concomitant occurrence of cell loss complicates the estimation of the number of newly formed cells by any methodological procedure available. 6 The visualization of metaphase chromosomes in nuclei provides direct evidence that mitotic division occurs,15 but this assessment is limited by the number of cells that can be counted by any observer. On the basis of the discussion above, the utilization of flow cytometry was considered appropriate for the question asked, since this technique allowed the analysis of a large number of nuclei collected from the entire ventricle and the distribution and quantification of the nuclei in the various phases of the cell cycle, none of which can be obtained with the other methodologies.
A relevant issue is the observation made here that approximately 4% of myocyte nuclei are in the S+ G2M phase of the cell cycle in control hearts. These data may reflect the relatively young age of the animals used, providing further evidence for the finding that DNA synthesis persists in the adult mammalian rat heart.8 As recently emphasized, the number of myocyte nuclei found to synthesize DNA was approximately 330,000 at 11 days after birth and 140,000 in the fully mature adult rat. 8 Although these values were derived from thymidine incorporation and may have some inherent deficiency, they support the contention that myocytes retain their capacity to synthesize DNA throughout life.
It should be recognized that extreme difficulties exist in the identification of mitotic figures in myocytes in the adult mammalian heart. For example, if 4% of myocytes are synthesizing DNA, only a small percentage can be expected to enter mitosis at any time. 43 Based on cell culture studies,43 nearly 2% of this 4% fraction (0.08% of the total myocyte population) will be engaged in mitosis. Since metaphase is one of the four phases of mitosis, approximately one fourth of this minute component will be recognizable in this state. In view of the fact that the left ventricle contains approximately 20x 106 myocytes, only 4,000 cells will be in metaphase at any time. Therefore, the chances of encountering a metaphase mitotic figure on histological sections are almost impossible. Importantly, these derivations are based on nonsynchronous dividing cells in cell culture systems. 43 Thus, the calculated number of 4,000 cells in metaphase may represent a significant overestimation.
There are some limitations in the present study that have to be acknowledged. Myocardial infarction was induced in 2-month-old rats, and the response of myocytes could have been influenced by the young age. Thus, it cannot be excluded that DNA synthesis in myocyte nuclei may be limited in older animals. Moreover, only rats with large infarcts and ventricular failure were examined, raising the possibility that the reaction of the surviving myocytes may be different with smaller infarcts. Finally, no direct evidence has been provided of myocyte proliferation. These important unresolved issues require further investigation.
